Abstract: Concerns for the mounting supply of municipal solid waste being generated combined with decreasing landfill space have compelled military installations to evaluate alternative methods for disposal. One approach to reduce landfilling is the use of a new garbage-processing technology that sterilizes and separates the waste into inorganic and organic components. Thus, a study was initiated to evaluate the effectiveness of using the organic component (Fluff ) as a soil amendment for reclamation of disturbed US Army training land. The Fluff material was initially incorporated (10Y20 cm) into a highly degraded sandy loam soil (fine-loamy, kaolinitic, thermic Typic Kandiudults) located in a borrow pit at Fort Benning Military Reservation, Georgia, in 2003. The Fluff was applied at rates of 0, 18, 36, 72, and 143 Mg ha j1 , and the soil was seeded with native prairie grasses. Soil nutrient retention and plant uptake were evaluated to determine the soil-plant system's sustainability after 5 years. An unseeded control was also evaluated as a comparison of natural recovery. Five years after reclamation, vegetation resulting from natural recovery in the unseeded control was sparse. Fluff addition increased pH, organic matter, and plant nutrient availability in the degraded soil, with the greatest improvements occurring at higher application rates. Soil productivity improvements resulted in greater plant biomass production. Generally, plant nutrient concentrations were not significantly impacted by Fluff addition. However, plant nutrient content was consistently higher with Fluff addition, which was attributed to increased biomass production. Plant nutrient uptakes of N, Ca, Mg, B, Mn, and Zn were within the reference range for grasses, whereas P and K concentrations were slightly deficient. An Fe and Cu concentration toxicity problem at the borrow site was alleviated with higher Fluff application rates, whereas the control and lower Fluff rates accumulated high levels of Fe and Cu within plant tissues. These results suggest that Fluff can be effectively used in land rehabilitation and revegetation practices to create a sustainable native grassland ecosystem.
F inding ways to manage and utilize the vast amounts of municipal solid waste generated is becoming an incessant issue in the United States. Municipal solid waste is primarily made up of household garbage and yard waste. It is estimated that American households produced approximately 243 million tonnes of municipal solid waste in 2009 (USEPA, 2010 , representing an increase of more than 175% since 1960. Recent increases in household waste generation can be attributed to a greater population of people living in concentrated areas. Thus, as the human population continues to grow, it is almost certain waste generation will continue to increase in the coming years. Historically, landfilling municipal refuse has been the most common waste disposal management practice. However, landfill numbers have been steadily declining since 1980 (USEPA, 2009) . This is partially due to more stringent regulations and the NIMBY (Not In My Back Yard) mind set of many Americans. Currently, 54% of the municipal solid waste goes to landfills, 33.8% is recovered and recycled or composted, and 11.9% is incinerated (USEPA, 2010) . Utilization of the organic components for land application such as wood (6.5%), yard trimmings (13.7%), food scraps (14.1%), and paper, which comprises approximately 63% of the municipal solid waste stream (USEPA, 2010), could be a potential target for greater reduction. To combat waste disposal challenges faced among US municipalities, the development of novel alternative approaches to landfilling is needed for our ''throw it away'' society.
US military installations are also being faced with solid waste disposal issues. It is estimated that the US Army generated over 1.4 million tonnes of solid waste during fiscal year 2009 (Solid Waste Annual Reporting Memorandum, 2011) . The Army presently operates 16 active landfills that have less than 10 years of useful life (Torbert et al., 2011) . Construction of new landfills is economically and environmentally unfavorable because of strict regulations and increased monitoring requirements that have been implemented, thereby promoting more environmentally benign waste disposal systems. This has led to increased costs resulting from shipping a majority of the garbage off posts (Busby et al., 2006) . Currently, landfill costs exceed $140 million a year (Torbert et al., 2011) and are expected to increase as existing landfills close and older landfills need preventive maintenance for leak prevention. Thus, similar to civilian municipalities, the implementation of better waste reduction and recycling plans or the development of low-cost alternatives to landfilling would greatly benefit military installations.
Technology has been developed to process unsorted municipal waste into sterilized organic fractions and recyclables. Raw municipal waste including paper, glass, metal, plastics, wood, food wastes, vegetative wastes, and other inert material can be introduced directly into the system. This system removes all metallic wastes (ferrous and nonferrous metals), grinds the remaining garbage, and uses a hydrolyzer with pressurized steam to break molecular bonds and destroy pathogens (Bouldin and Lawson, Inc. 2000) . The resultant product is an aggregate cellulose material called Fluff with a consistency similar to wood pulp. This material can be landfilled or composted and used as a soil amendment or organic fertilizer. At present, this technology is being used on the Island of Aruba to process approximately half of its municipal solid waste. As a model of TECHNICAL ARTICLE efficiency, approximately 95% of Warren County's (TN) waste is processed using this technology, with the bulk of the organic byproduct being composted and used as a topsoil replacement in the horticulture industry (Croxton et al., 2004) . However, because this material has undergone sterilization, it could be used directly as a soil amendment, thereby eliminating the need for composting and concurrent management costs.
Although military installations are entities that are set aside for combat readiness training, they have internal regulations and executive orders that govern the maintenance of rehabilitation efforts for disturbed land. The US Army is required by law to control water and air pollution, maintain ecosystem sustainability, protect native biological diversity, and promote beneficial reuse practices when possible. Military installations are also facing increased scrutiny to comply with Executive Order 13101, ''Greening the Government Through Waste Prevention, Recycling, and Federal Acquisition.'' This order requires executive agencies to ''incorporate waste prevention and recycling in the agency's daily operations and work to increase and expand markets for recovered materials.'' It further specifies in this memorandum that a landfill diversion rate of 40% must be achieved. The use of Fluff as a soil amendment could provide landfill diversion while supplying the beneficial nutrients needed to increase and/or restore the productivity of degraded military training soils. Present estimates show that the Army possesses almost 5 million ha of land in the United States, including 73 installations encompassing more than 4,000 ha each, which routinely require some type of land rehabilitation. Often these land areas that need rehabilitation are highly eroded and lack sufficient topsoil, organic matter, and nutrients required for successful rehabilitation. To overcome the high cost associated with reclamation projects designed to rehabilitate this degraded land, an inexpensive alternative is needed. Consequently, this noncomposted Fluff material could be used as an effective soil amendment to enhance land rehabilitation efforts.
Research has shown that composted municipal solid waste amendments added to soil can decrease bulk density (Turner et al., 1994) and increase soil organic matter (SOM) (Cortellini et al., 1996; Maynard, 1995) , cation exchange capacity (Paino et al., 1996) , soil-water holding capacity (Turner et al., 1994; SerraWittling et al., 1996) , pH of acidic soils (Maynard, 1995) , and soil microbial (Rothwell and Hortenstine, 1969) and enzymatic activities (Serra-Wittling et al., 1996; Eriksen et al., 1999) . However, it has been observed that when compost that has not fully matured (fresh compost) is applied to soil, plant growth may be limited or even inhibited as a result of N immobilization due to high C:N ratios. Uncomposted material may also contain high organic acid concentrations that interfere with root function, resulting in reduced yields (Wolkowski, 2003) caused by toxic substances that have evolved from decomposing organic matter (Sabey and Hart, 1975; Zucconi et al., 1981) . Thus, studies were needed to evaluate effects of the sterilized uncomposted Fluff as a soil amendment to enhance reestablishment of native grasses. Busby et al. (2006) reported that good establishment of native grasses was achieved the first and second year after Fluff addition to a borrow pit soil. However, the establishment of vegetation cover to degraded soil shortly following a land rehabilitation exercise is only a small portion of reclamation success. Successful reclamation is achieved through the creation of a self-sustaining ecosystem that can support long-term native perennial vegetative cover. Therefore, the objective of this study was to determine the impact of Fluff on land rehabilitation and revegetation to provide a sustainability assessment of native grass establishment, growth, and nutrient cycling on degraded Army training land 5 years after using varying rates of Fluff as a soil amendment.
MATERIAL AND METHODS

Site Description
A field study was initiated in February 2003, located within a borrow site at the Fort Benning Military Reservation in WestCentral Georgia. Borrow sites are generally characterized as areas where topsoil has been removed and subsoil mined for construction use (Al-Kaisi and Grote, 2007) . The study was conducted on a 0.4-ha area located within the bottom of the 20-ha borrow pit where the top 4 to 5 m of soil representing the Argillic and Kandic horizons had been previously mined. Soil within this area was a highly degraded and disturbed Orangeburg loamy sand (fine-loamy, kaolinitic, thermic Typic Kandiudults) (USDA-NRCS, 2004) . Climate in this region is subtropical with no dry season; the annual rainfall is 1,230 mm, and the mean annual temperature is 17-C.
Experimental Design and Treatments
The experiment was conducted as a randomized complete block design with four replicates. Treatments consisted of an unseeded control (nothing was done), a seeded control (revegetation seeding only), and seeded plots with application rates of 18, 36, 72, and 143 Mg dry weight of Fluff ha j1 incorporated into the top 20 cm of soil. Each plot was 3.7 by 4.9 m (18 m 2 ) with 0.6-m buffers between each plot within a block and 2.4-m buffers between blocks to avoid cross-contamination. Plot preparation included disking, surface broadcast application of Fluff by hand, and disking again to incorporate Fluff to a 10-to 20-cm depth, followed by seeding native grass with a grain drill.
The cellulose pulp used for this study was output material from a grinding and hydrolyzing process for municipal waste products, which produces an ''aggregate cellulose pulp'' (Fluff ) (Bouldin and Lawson, Inc. 2000) . Total nutrient concentrations contained in the Fluff that are significant for agricultural use are presented in Table 1 .
Native grasses used in this study were selected based on previous research for suitability, adaptability, availability, cost, and photosynthetic pathway. Three C4 grasses: ''Earl'' big bluestem (Andropogon gerardii Vitman), ''Cheyenne'' indiangrass (Sorghastrum nutans [L.] Nash), ''Alamo'' switchgrass (Panicum virgatum L.), and one C3 grass Virginia wild rye (Elymus virginicus L.) were used. Seeds (Turner Seed Company, Breckenridge, TX) were sown in a mixture to yield 56-kg pure live seed ha j1 , containing 14 kg pure live seed ha j1 of each species. Seeded and unseeded controls were used to determine the difference between Torbert et al. (2007) .
Plant and Soil Sampling and Analysis
Soil and biomass sampling occurred at the end of the growing season, in mid-August (August 17, 2007) , to coincide with peak biomass production. Plant biomass was determined by clipping all aboveground tissue at ground level from two randomly selected 0.25-m 2 areas per plot and weighing after drying for 72 h at 55-C. Soil samples were obtained by collecting three cores (3.8-cm diameter) from each plot with a John Deere Gator mounted #5-UV4 Model GSRPSUV4G core sampler (Giddings Machine Company, Windsor, CO) to a depth of 30 cm using 4.45-cm-diameter metal sampling tubes. These soil samples were partitioned into 0-to 5-, 5-to 10-, 10-to 20-, and 20-to 30-cm depth increments. Core samples were composited by depth within individual plots. The soil mass was recorded, and moisture content was determined gravimetrically. Organic debris was removed from samples by passing soil samples through a 2-mm sieve, and processed samples were stored at 4-C until analysis.
Laboratory Analysis
Total C and N were determined on oven dried soil (55-C) ground to pass through a 0.15-mm sieve using a dry combustion technique (LECO Truspec CNS; LECO Corp, Saint Joseph, MI). Nutrient levels for P, K, Ca, Mg, and so on were determined by Auburn University Soil Testing Laboratory as described by Hue and Evans (1986) . Specifically, soil pH was determined on 1:1 soil-water suspension with a glass electrode meter. Concentrations of P, K, Ca, Mg, B, Cu, Fe, Mn, Zn, Al, and Na were determined using a Mehlich 1 (double acid) extracting solution (Olsen and Sommers, 1982) for soil and with a dry ash procedure for plant biomass tissues (Donahue, 1983) ; both were measured by inductivity-coupled Ar plasma emission spectrometry (Soltanpour et al., 1982) using the ICAP 9000 (Thermo Jarrell Ash, Franklin, MA). Soil nutrient data are reported as concentration (not corrected for bulk density). Means for soil nutrient concentrations were calculated by depth and profile. Soil profile means were calculated by averaging the means from each depth. Organic matter content was calculated by multiplying organic C values by 1.724. Nutrient concentration and content were determined for the plant biomass collected from the native grass plots.
Statistical Analysis
This study was analyzed as a randomized complete block design with blocks representing replicates. Statistical analysis was performed on all treatments using MIXED Procedure of SAS (Littell et al., 1996) . Fluff application rates were analyzed as fixed effects, whereas replications were random effects. Means were compared using LSMEANS (DIFF and PDIFF) in PROC MIXED. Mean separation was done using a significance level of > = 0.05, which was established a priori. Regression analysis was also used to evaluate the change in response to increasing Fluff rates (0, 18, 36, 72, and 143 Mg ha j1 ) by developing regression equations.
RESULTS AND DISCUSSION
Municipal solid waste has been successfully used in multiple studies for reclamation of degraded land following mining operations. Most of these studies have focused on the use of composted municipal waste. This study is unique in that it evaluates the effectiveness of using a hydrolyzed and sterilized municipal solid waste product for soil restoration, thereby eliminating the need for composting. Soil productivity was increased during the first year of application (Torbert et al., 2007) , and improved vegetation establishment, biomass production, nutrient composition, and basal coverage of native grass were observed following the first two growing seasons (Busby et al., 2006) . However, the sustainability of an unfertilized native grassland ecosystem's survival is dependent on the capacity of its soil-plant system to efficiently cycle nutrients. Thus, an evaluation of the soil fertility status and plant nutrient concentration and content was conducted 5 years after reclamation of the derelict denuded borrow pit soil.
Plant Biomass Response
A positive plant biomass response to Fluff addition was observed ( Fig. 1) . Fluff was applied (one-time application) before sowing native grass species in February 2003. Increased plant biomass was observed by Busby et al. (2006) during the first and second growing seasons following application, with biomass production increasing linearly with increasing rates. As observed during the first 2 years, plant production continued to increase linearly with increased Fluff application rates 5 years after reclamation. Similar to Busby et al. (2006) , no harvestable biomass was produced because of the sparse plant growth in the unseeded control plots. A slight increase in biomass was observed in the seeded control (seed only, no Fluff ) plots. Busby et al. (2006) , representing a 161% and 55% increase compared with the 2003 and 2004 seasons, respectively. This suggests that Fluff can effectively be used to provide sustainable establishment of native grasses in highly degraded soils. A more thorough evaluation of biomass production 5 years after reclamation using Fluff is reported by Watts et al. (2012) .
Soil pH
Soil pH is one of the most important indicators of a soil's productivity. Changes in soil pH can beneficially or adversely affect plant growth and production by influencing nutrient availability. The availability of primary and secondary nutrients P, K, Ca, and Mg decreases once pH falls below 6.0, whereas metallic nutrients (often responsible for toxicity) such as Al, Mn, Zn, Cu, and Fe increases. Thus, maintaining a near-neutral pH is essential for optimal plant growth. Variations in soil pH at the borrow site ranged from 4.83 to 6.59 ( Table 2 ), indicating that not all pH levels were favorable for plant growth. Fluff addition resulted in significant changes to soil pH when evaluated over depth increments (Tables 2, and 3) , with soil pH increasing linearly with higher Fluff application rates. The highest Fluff application rate (143 Mg ha j1 ) increased soil pH 1.28 units in the 0-to 30-cm soil profile compared with the unseeded control. Increases in soil pH resulting from Fluff additions were not limited to the top few centimeters of soil; significantly higher pH was also observed throughout the entire 30-cm soil profile (Tables 2, and 4). This increase in soil pH resulting from Fluff addition compared with control levels is critical to maintaining the establishment of native grasses. For instance, soil pH at or below 5.3 would be detrimental to plant growth, resulting in nutrient deficiencies and potential Al and Mn toxicity (Potash and Phosphate Inst., 2003) . Thus, soil pH levels observed in control plots partially explain the complete failure of plant growth observed, and the increase in soil pH with the Fluff addition explains much of the positive response to revegetation. It is important to note that this Fluff material is not considered a liming agent. However, because of the near-neutral pH and high Ca and Mg content, the Fluff was effective at raising soil pH. Soil pH in plots with the highest Fluff rate that was near 6.5 (the pH of Fluff ) 5 years after application suggests that the Fluff material also has a high buffering capacity.
A notable difference observed in this study was how soil pH changed with depth. Unlike soil under normal conditions in a natural native grass ecosystem, pH did not decrease with increasing depth. Instead, pH tended to increase with increasing depth in this study. This phenomenon was observed regardless of whether Fluff was added to soil or not, suggesting that environmental factors other than Fluff addition altered the soil pH. It is speculated that lower soil pH at the surface compared with greater depths could be attributed to natural processes such as decomposition of organic matter through microbial decay, weathering, and leaching with precipitation (Potash and Phosphate Inst., 2003) . Thus, factors that promote these natural processes were most likely stimulated after top soil removal from the borrow site, thereby leaving newly revealed surficial soil (young soil) exposed to increased microbial decomposition and weathering.
Soil Organic Matter
Soil organic matter quantities are often used as indicators of a soil's sustainability. The SOM pool is the largest nutrient reservoir for natural native grasslands, thereby functioning in the cycling of essential nutrients (Dubeux et al., 2007) . Soil organic matter in this study was greatly affected by the Fluff and seeded native grass treatments at the borrow site (Tables 2 and 3) . Generally, increasing rates of Fluff resulted in greater SOM. Soil organic matter in the 0-to 30-cm soil profile increased from 3.53 g kg j1 in the unseeded control to 9.74 g kg j1 with the addition of Fluff at 143 Mg ha j1 , representing an increase of 176%. No significant SOM benefits were observed between the seeded and unseeded controls. Although Fluff was incorporated 10 to 20 cm during rehabilitation, the greatest organic matter content was observed at the surface 0-to 5-cm layer. Soil organic matter was stratified by depth with concentrations tending to decrease with increasing depths. This can be attributed to redistribution of nutrients through plant assimilation from subsurface layers where the Fluff was incorporated as well as litter deposition from the aboveground biomass. A significant Fluff rate Â depth interaction was observed for SOM (Tables 2 and 4 ). This was a result of Fluff having a significant impact on SOM at the 0-to 5-and 5-to 10-cm depths only. No differences were observed below 10 cm.
Soil Macronutrients
Macronutrients are essential elements in soil that are needed in relatively large amounts for plant growth. Of the essential nutrients in soil needed for plant growth, N, P, and K are primary nutrients, whereas Ca and Mg represent secondary nutrients. Generally, Fluff addition to soil at the borrow site impacted the primary and secondary nutrient concentrations in soil. Changes in soil macronutrient concentrations are illustrated in Table 2 .
Nitrogen is the most limiting nutrient in grass ecosystems. Because N is needed for photosynthetic activity, it is essential for maintaining primary production (Hopkins, 2004) . Total N concentrations in the 0-to 30-cm soil profile increased from 0.09 g kg j1 in the unseeded control to 0.22 g kg j1 with the addition of Fluff at 143 Mg ha
j1
, representing an increase of 144% (Table 2 ). Most of the N was observed at the surface 0-to 5-cm depth with concentrations significantly deceasing with increasing depths. A significant Fluff rate Â depth interaction was observed (Table 3 ). Significant changes in soil N resulting from Fluff addition were different only at 0 to 5 and 5 to 10 cm (Tables 2  and 4) . No significant differences were observed below 10 cm.
Soil extractable P and K concentrations were significantly impacted by Fluff addition (Tables 2 and 3 ). Extractable soil P and K concentrations tended to increase with increasing Fluff application rates. Fluff addition at 143 Mg ha j1 increased P and K in the 0-to 5-cm soil profile from 0.5 to 16.45 mg kg j1 and 4.45 to 17.14 mg kg j1 , respectively, in soil, increasing P and K 3,190% and 285% compared with the unseeded control. Differences in P and K concentrations exhibited a significant depth effect. The greatest differences in extractable P and K levels resulting from Fluff addition were observed at the surface depth followed by the 5-to 10-cm and 10-to 20-cm depths; however, the differences were not significant at 10-to 20-cm depth (Tables 2 and 4). Extractable secondary nutrients Ca and Mg were influenced by Fluff addition in a fashion similar to N, P, and K (Tables 2  and 3 ). Large amounts of extractable Ca were observed in soil. Calcium concentrations increased significantly with increasing Fluff rate, representing the most abundant nutrient measured. This was not unexpected because Ca was by far the greatest nutrient component of Fluff (Table 1) . Although Mg concentrations were not as abundant as Ca, Mg followed the same trend as Ca. Fluff addition at 143 Mg ha j1 increased Ca and Mg 1,478% and 373%, respectively, in the 0-to 30-cm soil profile, compared with the unseeded control (Table 2 ). Calcium and Mg are often enhanced when organic matter levels are increased in soil (Watts et al., 2010; Edwards et al., 1992) . Also, at near-neutral pH (5.5Y7.5), Ca and Mg are the major nutrients in soil influencing cation exchange capacity of sandy soils. These two secondary nutrients were significantly impacted by depth, with greater concentrations being observed at surface and decreasing with depth. Torbert et al. (2007) reported significant differences in soil macronutrient N, P, K, Ca, and Mg following the first year of application. However, Torbert et al. (2007) reported differences at the 0-to 5-cm depth only following the first year of application. In this study, 5 years after Fluff addition, changes in macronutrient concentrations were observed to greater depths. Torbert et al. (2007) also reported that initial soil macronutrient concentrations at the borrow site before reclamation were extremely low and would have resulted in severe plant deficiencies with prolonged growth. The use of Fluff during reclamation improved macronutrient concentrations within the top 10 cm to levels that were adequate for plant growth 5 years after rehabilitation (Auburn University Soil Testing, 2011).
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Soil Micronutrients
Micronutrients are essential elements taken up in small amounts by plants that play key roles in many plant processes. Even though plants absorb micronutrients in small quantities, adequate supplies of these nutrients in soil are essential to maximize biomass production. Fluff addition to the borrow pit soil had varying effects on Mehlich-extractable micronutrient concentrations (Table 5) . Extractable Cu and Zn were significantly impacted by Fluff addition (Table 3) , with concentrations tending to increase with increasing application rates. Compared with unseeded controls, Cu and Zn increased 1,478% and 452% in the 0-to 30-cm soil profile, respectively, at the highest Fluff rate (143 Mg ha j1 ). A depth-by-depth evaluation showed that Cu and Zn were affected by soil depth, with higher concentrations occurring in the shallow layers. A Fluff rate Â depth interaction was observed for Zn (Table 3) . This was attributed to Fluff significantly affecting Zn concentrations in the top 0-to 5-and 5-to 10-cm depth only (Tables 5 and 6 ).
Differences in soil Fe and Mn concentrations were observed 5 years following Fluff addition, whereas no differences were observed for B (Table 3) . Soil concentrations of Fe and Mn in the 0-to 30-cm soil profile increased from 3.74 to 8.84 mg Fe kg j1 and from 0.36 to 3.75 mg Mn kg j1 in the unseeded control compared with 143 Mg ha j1 treatment, increasing Fe and Mn 136% and 941%, respectively (Table 5 ). Most of the differences in Fe and Mn attributed to Fluff addition were observed at the top 0-to 5-cm depth increment. No significant Fluff Â depth interactions were observed for soil Fe concentrations, whereas Mn concentrations were impacted by Fluff Â depth interactions (Table 5 ). This was a result of Fluff addition influencing Mn concentrations in soil to a depth of 10 cm, with no difference observed below 10 cm (Tables 5 and 6 ).
Nonessential Soil Elements
No significant differences were observed for Na concentrations in soil (Tables 3 and 5) . Although the Fluff contained high amounts of Na, soil concentrations of Na were similar to control levels 5 years after application (Table 5 ). This is most likely a result of the low water-holding capacity of the sandy soils and high-intensity rainfall events, which promote water percolation and nutrient leaching of the weakly attached Na cations through the soil profile.
Fluff addition to the soil during reclamation did not significantly impact Al concentrations in soil. However, there was a significant depth effect for Al concentration, with higher concentrations being observed at the shallow depth increments (Table 5) . 
Macronutrients in Plant Tissue
Because no harvestable biomass was observed within the unseeded control, only the seeded treatments were evaluated for plant nutrient concentrations. Relative differences in plant macronutrient concentrations are presented in Table 7 . Although large differences in soil nutrient concentrations and biomass yields were observed resulting from Fluff application rates (Table 8) , differences in macronutrient concentrations within the plant tissues were minimal. No significant differences were observed for N, P, K, and Mg (Table 3) . Calcium was the only macronutrient to significantly impact nutrient concentrations within plant tissues ( Table 3) . As previously reported, Ca was by far the largest nutrient in the Fluff material containing 13,600 mg kg j1 of total Ca (Table 1) . At the highest Fluff application rate, approximately 1,944 kg Ca ha j1 was applied. Previously, it was noted that Fluff addition to the reclamation site substantially increased soil Ca concentrations linearly with increasing rates compared with the control. Thus, it was expected that increasing Fluff application rates (0Y143 mg ha j1 ) would significantly impact Ca assimilation within the plant biomass.
Concentrations of the essential macronutrients N, Ca, and Mg 5 years after reclamation were within the reference range for grasses given by Munshower (1994) , whereas P and K were deficient (Tables 7 and 9 ). Of the deficient plant biomass concentrations for P, only the tissues from the 0 Fluff rate were less than 500 mg kg j1 , indicating severe P deficiency. Regardless of Fluff application rate, at 5 years after application, plant biomass K was severely deficient in all plots. Deficient P and K levels were probably due to the physiological activity of the mature plant tissues. For instance, young tissues are more active at taking up nutrients compared with mature tissues. Thus, P and K levels are generally higher in young, vigorously growing plants and may show deficient levels in mature tissues as described by Munshower (1994) . Plant biomass sampling for the warm season perennial grasses in the present study occurred during peak maturity at the end of the growing season. Therefore, some of the low P and K levels found in the mature plants could be attributed to a dilution effect resulting from greater uptake of nutrients during the latter part of the growing season. It is also important to note that although plant biomass was greater in year 5 compared with the first 2 years following Fluff addition, nutrient concentrations in plant tissues tended to decrease over time. Busby et al. (2006) reported that plant nutrient concentrations within tissues decreased from 2003 to 2004. Our results followed the same trend with plant nutrient concentration decreasing from 2004 to 2007. Decreases in plant nutrient concentrations could be attributed to lower available soil nutrients resulting from macronutrients being tied up in the organic components of dead plant residue.
Although Fluff addition to soil at the reclaimed borrow site resulted in minimal nutrient concentration differences within plant tissues, an evaluation of nutrient content showed distinct differences (Table 7) . Macronutrient contents within the plant tissues indicated that generally N, P, K, Ca, and Mg were significantly increased with increasing Fluff application rate (Table 3) . In all instances, the Fluff application rate of 143 Mg ha j1 produced significantly higher plant tissue nutrient content for all of the macronutrients (Tables 7 and 8 ). Increased plant nutrient content can be attributed to greater biomass production from improved soil fertility as a result of Fluff addition.
Micronutrients in Plant Tissue
Similar to macronutrient concentrations in the plant biomass, Fluff addition to soil had minimal impacts on the assimilation of micronutrients within the native grass tissues. Differences in plant micronutrient concentrations are presented in Table 10 . No significant differences were observed for Cu, Zn, B, and Fe. Manganese concentrations were significantly affected by Fluff addition to the borrow pit soil (Tables 3 and 8 ). Higher Mn concentrations were observed for treatments from the lowest three Fluff rates (0, 18, and 36 Mg ha j1 ). This was most likely attributed to pH 
changes in soil resulting from Fluff. For instance, large pools of plant available Mn are often found in acidic soils and tend to decrease as pH increases toward neutral. In the present study, soil pH averaged over depth ranged from 5.10 for the seeded control to 6.34 for the 143 Mg ha j1 Fluff application rate. Manganese concentrations within the plant tissues corresponded to pH changes at the borrow site, decreasing as pH increased.
Generally, concentrations for Mn and B were within the reference range for grasses given by Munshower (1994) , regardless of Fluff application rate (Table 10) . Copper concentrations in plant tissues were impacted by Fluff application rates. Plant tissues from treatments with Fluff application rates of 36 Mg ha j1 and below contained Cu concentrations higher than the reference range, whereas treatments with 72 and 143 Mg ha j1 Fluff had concentrations that were within the reference range for plant tissues. Plant tissue concentrations from all of the treatments were higher than the reference range of Fe for range grasses. Toxic levels of Fe in plant tissues have been reported at concentrations greater than 1,000 mg kg j1 . Plant tissue Fe concentrations at the highest rate 143 Mg ha j1 were well below the 1,000 mg kg j1 range, whereas the seeded control and 36 Mg ha j1 had concentrations greater than 4,000 mg kg j1 , indicating that Fe toxicity may have limited plant growth.
Plant biomass micronutrient content was significantly impacted by Fluff application rate. Essentially, all of the plant micronutrient (Cu, Zn, B, Fe, and Mn) contents evaluated in this study were significantly increased with increasing Fluff application rate. As noted with the macronutrient content, greater micronutrient content observed in plant biomass was impacted by production increases resulting from increased Fluff rates.
Other Accumulated Elements in Plant Tissue
Fluff application did not significantly impact the assimilation of Al and Na concentrations within the plant biomass. Although not significant, greater Al and Na concentrations were generally observed in treatments with the lowest Fluff application compared with treatments at the highest rate. Lower Al and Na concentrations observed in treatments with the highest Fluff rates were most likely a result of a dilution effect in soil for Na as well as pH increases, reducing the solubility of Al in soil.
Similar to the essential macronutrients and micronutrients, plant tissue content of Al and Na was significantly affected by Fluff addition. Sodium concentrations within plant tissues increased with increasing Fluff application rate. However, unlike the nutrient content of the other nutrients evaluated within the plant tissues, the highest Al content was observed in the 36 Mg ha j1 treatment. This suggests that a threshold was reached for Al uptake within the native grass plant tissue.
CONCLUSIONS
Strict landfill regulations and decreasing landfill space on military installations in recent years have encouraged development of alternative disposal methods that promote beneficial reuse of municipal solid waste. This has facilitated the development of a new garbage-processing technology that separates municipal refuse into sterilized organic and inorganic components. Recovering the recyclables and utilizing the organics from this waste processing technology as a soil amendment to increase productivity of degraded land could be a viable alternative to landfilling.
The use of noncomposted Fluff material was examined as a possible organic amendment for reclamation of a highly degraded soil. Reclamation of degraded land generally involves one-time operations to create a sustainable ecosystem. This study demonstrated that the use of the sterilized Fluff material during the establishment of native grasses can effectively improve the productivity of degraded soil at a borrow site. Five years after reclamation practices occurred, it was apparent that reseeding is essential given that the unseeded control produced almost no vegetation, suggesting that it would take multiple years if ever for natural recovery to occur. However, sowing native grass seeds resulted in establishment of native grass. Biomass production was drastically improved with the addition of Fluff. An evaluation of soil pH, SOM, soil nutrient concentrations, and plant tissue nutrient concentration indicated that a stable native grass ecosystem has been created in the degraded borrow pit soil. Fluff addition increased the overall fertility of soil. Soil pH was increased throughout the entire soil profile evaluated. Surficial soil macronutrient and micronutrient concentrations were greater in 
